Introduction
============

Although the incidence and mortality rates of gastric cancer have gradually decreased in northeast Asia (Korea, Japan, China), gastric cancer (GC) remains the fifth most common malignancy and the third leading cause of cancer-related deaths worldwide ([@b1-ol-0-0-11468],[@b2-ol-0-0-11468]). The treatment of stomach cancer in stage 1 cancer is surgery alone, but the treatment of stage 2--3 stomach cancer is surgery with adjuvant chemotherapy. In the case of adjuvant chemotherapy, there are few effective chemotherapeutic drugs for stomach cancer. Among the chemotherapeutic treatments used in stomach cancer, only TS-1 1-year treatment (5-FU oral product of ACT-GC study) and XELOX (5-FU oral agent with oxaliplatin) 6 months are considered to be effective ([@b3-ol-0-0-11468],[@b4-ol-0-0-11468]). Recently, targeted therapies have been tried with conventional chemotherapeutic drugs, and trastuzumab (anti-HER2) was the first adapted targeted drug ([@b5-ol-0-0-11468]). This drug was an anti HER-2 antibody, and it was shown to have a therapeutic effect in breast cancer. Bang *et al* ([@b5-ol-0-0-11468]) (TOGA trial) also revealed the effectiveness of Herceptin in the stomach cancer field. Ramucirumab (anti-VEGF2) and pembrolizumab (anti-PDL1) are also approved by the FDA and are used in clinical settings ([@b6-ol-0-0-11468],[@b7-ol-0-0-11468]).

Cancer researchers have attempted to predict patient prognosis using gene expression. Oncotype DX is a popular method to predict the prognoses of breast cancer, prostate and colon cancer patients in Western countries ([@b8-ol-0-0-11468],[@b9-ol-0-0-11468]). In gastric cancer, Cheong JH *et al* reported a four-gene test with predictive value for both prognostic and chemotherapy outcomes ([@b10-ol-0-0-11468]). Many studies have focused on biomarkers to identify prognostic or therapeutic markers. Our group conducted a proteomic analysis in a previous study, and we identified PRDX4 as a candidate biomarker of gastric cancer ([@b11-ol-0-0-11468]). Peroxiredoxin (PRDX) was initially identified as a thiol-specific antioxidant in yeast in 1987 ([@b12-ol-0-0-11468]) and was found to control cytokine-induced peroxide levels and to mediate signal transduction in mammalian cells. In addition, PRDX can decrease oxidative stress by reducing hydrogen peroxide to water in a thiol-dependent catalytic cycle ([@b13-ol-0-0-11468]). PRDX4 plays key roles in several cellular functions; it is a multifunctional protein that is involved in protection against oxidative injury, regulation of cell proliferation and modulation of intracellular signaling, and it has also been associated with the pathogenesis of tumors ([@b14-ol-0-0-11468]). In this study, we investigated whether PRDX4 is a target prognostic biomarker in gastric cancer patients.

Materials and methods
=====================

### Ethics approval

This study was designed and carried out according to the principles of the Declaration of Helsinki (1989). Written consent was obtained from all participants before inclusion in the trial. The present study was approved by The Institutional Review Board of Gyeongsang National University Hospital (approval no. GNUHIRB 2009-54).

### Stomach tissue samples for tissue microarray

Surgically resected GC tissue specimens were obtained from 338 patients who underwent gastrectomy at Gyeongsang National University Hospital between January 1, 2004, and December 31, 2007. Medical charts and pathological reports were reviewed to determine clinicopathological parameters such as age, sex, histological subtype, presence of lymphatic invasion, invasion depth, presence of lymph node (LN) or distant metastasis, and pathological stage and recurrence. Adjuvant chemotherapy was administered to all patients with stage II\~IV disease. Clinical outcome was evaluated from the date of surgery to the time of death or until January 31, 2011. Cases lost to follow-up and non-GC-related deaths were regarded as censored data in the survival analysis.

### Immunohistochemical staining of PRDX4

Immuno histochemistry staining of PRDX4 was performed using polyclonal anti-rabbit PRDX4 antibody (1:300; Abcam). Briefly, specimens were fixed in buffered formalin and embedded in paraffin according to routine procedures and then evaluated using a Dako detection kit (Dako). For this study, 5 µm sections were prepared, dried in a drying oven at 60°C for 1 h, deparaffinized and dehydrated using OTTIX reagents. Antigen was retrieved by incubating the slides for 15 min in a pressure cooker with citrate buffer (Dako Target Retrieval Solution). The slides were incubated with anti-PRDX4 antibody (1:1,000) in humidity chambers overnight at 4°C, washed in PBS (pH 7.4), and incubated with secondary antibody (Dako Real Envision/HRP, K5007) for 15 min at room temperature. The slides were counterstained in hematoxylin, dehydrated and mounted. Signal intensity was scored as the percentage of PRDX4-positive cells in the following manner: Score 0 (\<1%), score 1 (1--25%), score 2 (25--49%), and score 3 (50--74%; [Fig. 1](#f1-ol-0-0-11468){ref-type="fig"}).

### Cell culture

The human stomach adenocarcinoma cell lines AGS and MKN28 were obtained from and authenticated by the Korean Cell Line Bank with STR profiling. The cells were maintained in RPMI 1640 (Gibco, Thermo Fisher Scientific, Inc.) supplemented with 10% fetal bovine serum (FBS) (Gibco, Thermo Fisher Scientific, Inc.), penicillin (100 U/ml, Thermo Fisher Scientific, Inc.) and puromycin (100 µg/ml, P9620; Sigma) and cultured at 37°C in a humidified air atmosphere containing 5% CO~2~.

### Short hairpin RNA (shRNA) and plasmid transfection

To generate AGS and MKN28 cell lines with stable PRDX4 knockdown, the cells were transduced with MISSION^®^ shRNA Plasmid DNA targeting the human PRDX4 coding sequence. Five different PRDX4 shRNAs (pLKO.1 plasmid) were obtained from Sigma-Aldrich (SHCLND-NM_006406) and were screened for their effectiveness by transfection into MKN28 cells. Among them, the following sequences were chosen based on the strongest knockdown effect and reproducibility: shPRDX4 \#1, 5′-CCGGCCACACTCTTAGAGGTCTCTTCTCGAGAAGAGACCTCTAAGAGTGTGGTTTTTG-3′ (TRCN0000064818; Sigma) and shPRDX4 \#2, 5′-CCGGGCACCTAAGCAAAGCGAAGATCTCGAGATCTTCGCTTTGCTTAGGTGCTTTTTG-3′ (TRCN000064820; Sigma) (sequences obtained from the Mission shRNA Sigma-web site). Control cells were transduced with a nontargeting shRNA plasmid (Sigma; SHC001). Stable transfectants were identified by puromycin selection.

An shRNA rescue version of control plasmid (PS100001; control blank vector, mammalian vector with C-terminal Myc-DDK Tag) and PRDX4 cDNA plasmid (RC203330; Myc-DDK-tagged-Human peroxiredoxin 4) were commercially obtained respectively; Origene). The rescue version of shPRDX4 was generated through noncoding mutations of the shRNA site in the PRDX4 cDNA plasmid by Bioneer (Molecular Biology Services). DNA amounts were standardized to 2 µg using control blank and shPRDX4-expression vector. AGS and MKN28 stable cells were transfected with the indicated expression vectors using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s instructions.

### Western blot analysis

Thirty micrograms of each lysate was subjected to SDS-polyacrylamide gel electrophoresis. Blotting was performed with a tank blotting apparatus (iBlot, Thermo Fisher Scientific, Inc.) onto a PVDF membrane (iBlot 2PVDF Regular Stacks, Invitrogen, Thermo Fisher Scientific, Inc.). Blots were blocked in TBS/Tween 20 (0.1% v/v) containing 5% nonfat dried milk at room temperature for 1 h. Primary antibodies \[prdx4 1:1,000; Abcam; DDK antibody (TA50011) 1:1,000; Origene\] detected after repeated washings with TBS/Tween 20 of the membrane using a secondary antibody (anti-IgG 1:2,000, Santa Cruz Biotech) diluted in TBS/Tween 20 and incubated overnight at 4°C and washed three times with TBS/Tween 20 buffer. Detection of antibody binding was performed employing enhanced chemiluminescence (Amersham Biosciences).

### Proliferation assay (MTT assay)

The proliferation of adenocarcinoma cells was investigated by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-dimethyltetrazolium bromide) assay. AGS and MKN28 cells were seeded onto 24-well plates (2×10^4^/well) and transfected with the knockdown and overexpression plasmids, respectively. After incubation for 24 to 72 h, the cells in each well were incubated with 0.5 mg/ml MTT solution (Sigma) for 3 h at 37°C. Then, the media was carefully aspirated from each well, and 500 µl of dimethyl sulfoxide (DMSO) was added to each well to dissolve the formazan crystals and mixed. The absorption values were determined at 570 nm with VersaMax ELISA Microplate Reader (Molecular Devices). Each experiment was repeated three times independently.

### Wound healing migration assay

Wound healing and Transwell invasion assays were performed as previously described ([@b1-ol-0-0-11468]). The migration of gastric cancer cell lines was investigated by wound healing migration assays. AGS cells (5×10^4^ per well in 70 µl of media) and MKN28 cells (1×10^5^ per well in 70 µl media) were seeded into Culture-Insert 2 wells (Ibidi) in 6-well plates. After the cells attached, the insert well was removed. A cell-free gap was created in which cell migration could be visualized. A photomicrograph was taken immediately (time, 0 h) with a microscope, and the wounded cultures were allowed to grow for 8 or 17 h at 37°C. Then, another photomicrograph was taken at the same position. Migration was quantified by counting the migrated cells. Microscope images at three locations of marked wounds were taken, and migrated cells were counted at the indicated distances from the wound edge using NIH ImageJ software. Data are presented as the mean ± SD for triplicate independent experiments (original magnification, ×40).

### Transwell invasion assays

Cell culture inserts (8-µm pore size; Corning) were precoated with 10 µl of Matrigel/RPMI 1640 solution (2.2 mg/ml, cat. no. 356234; BD Bioscience) and incubated at 37°C for 3 h. AGS cells (2×10^4^ cells per well) and MKN28 cells (1×10^5^ cells per well) were seeded in 250 µl of serum-free medium in the upper chamber of the inserts, and the lower chamber was filled with 700 µl of RPMI 1640 containing 10% FBS. After 24 or 48 h of incubation, the Matrigel and any cells remaining in the upper chamber were removed by cotton swabs. Cells that had invaded to the other side of the membrane were fixed with 4% paraformaldehyde, stained with 4′,6-diamidino-2-phenylindole solution (DAPI; Sigma) for visualization, and counted. Values for cell invasion are expressed as the mean number of cells per microscopic field over five fields per filter for triplicate experiments. The experiments were performed in triplicate at least three times independently (original magnification, ×100).

### Epithelial-mesenchymal transition markers

EMT is a process by which epithelial cells lose their cell polarity and cell-to-cell adhesion and gain migratory and invasive properties to become mesenchymal stem cells; this process has been described for wound healing and for the initiation of metastasis during cancer progression ([@b15-ol-0-0-11468]). To investigate whether PRDX4 regulates the EMT transition in stomach cancer cells, the key EMT markers E-cadherin, snail and slug were measured in PRDX4-knockdown cells (transfected with the PRDX4 shRNA plasmid or control shRNA) and PRDX4-overexpression MKN28 cells (transfected with the PRDX4 plasmid in shPRDX4 cells).

### Statistical analysis

Statistical analysis was performed using IBM^®^ SPSS^®^ Statistics version 20 software (IBM Corp.). Data are presented as the mean ± SD. The significance of the differences was determined using the χ^2^ test. Student\'s t-test and Kaplan-Meier\'s method were used to analyze patient outcomes and overall survival. Statistical tests were two-sided or one-sided. P\<0.05 was considered to indicate a statistically significant difference. GraphPad Prism 7.0 software (GraphPad Software, Inc.) was used for *in-vitro* analysis. To compare the mean values Student\'s t-test was used for comparison between the two groups, and comparisons between three groups were made using one-way ANOVA with Tukey\'s post hoc test.

Results
=======

### PRDX4 was highly expressed in stomach cancer, and PRDX4 overexpression predicted poor prognosis

PRDX4 expression was determined by immunohistochemistry in all 338 GC tissue specimens. The average age of the patients was 62.7±11.1 years. The male-to-female ratio was 1.8 to 1. The mean tumor size was 4.4±2.7 cm, and the mean number of LN metastases was 2.7±5.6. The number of tumors for each TNM stage was as follows: Stage I, 55%; stage II, 17.8%; stage III, 22.6%; and stage IV, 0.5%. The mean follow-up period was 55.5±25.1 months. Recurrence occurred in 24% (n=81) of patients. The intensity of PRDX4 expression in the cytoplasm of cancer cells varied across the tissue specimens. Of the 338 cases, 4.1% scored 0, 45% scored 1+, 42.3% scored 2+, and 8.6% scored 3+. Samples with scores of 0 and 1+ were considered PRDX4 negative, and those with scores of 2+ and 3+ were considered PRDX4 positive ([Table SI](#SD1-ol-0-0-11468){ref-type="supplementary-material"}) ([Fig. 1](#f1-ol-0-0-11468){ref-type="fig"}).

The results of the immunohistochemical analyses of TMAs from the PRDX4 overexpression (PRDX4-OE, score 2+ and 3+) and PRDX4 underexpression (PRDX4-UE, score 0 and 1+) groups of patients were then compared. The PRDX4 overexpression group showed a significantly higher rate of undifferentiated type cancer (poorly differentiated and signet ring cell type), advanced gastric cancer (T2-T4), metastatic LNs (N≥1), and higher TNM stage (stage II\~IV) than the PRDX4 underexpression group, and patients in this group were more likely to receive adjuvant chemotherapy treatment (P≤0.01). The rates of cancer-related death (51/67, 76.1%) vs. (16/67, 23.9%) and recurrence (58/81, 71.6%) vs. (23/81, 28.4%) were higher in the PRDX4-OE group than in the PRDX4-UE group (P\<0.01; [Table I](#tI-ol-0-0-11468){ref-type="table"}).

According to Cox proportional hazard analysis, TNM stage and PRDX4 were independent factors. Regarding the TNM stage category, stage II patients showed a 3-fold (95% CI, 0.486--19.662) higher risk of cancer-related death than stage I patients, and stage III--IV patientsshowed a 10.1-fold (95% CI, 1.257--82.657) higher risk than stage I patients (P\<0.01). The PRDX4-OE group also showed a 1.8-fold (95% CI, 1.044--3.392) higher risk than the PRDX4-UE group (P=0.03; [Table II](#tII-ol-0-0-11468){ref-type="table"}).

### Patients with low PRDX4 expression exhibited prolonged survival

Kaplan-Meier survival analysis was performed to compare the outcomes of patients in the PRDX4-OE and PRDX4-UE groups. The PRDX4-UE group (102.9±2.0 months, 95% CI=98.9--106.9) had longer cumulative survival times than the PRDX4-OE group (79.2±3.1 months, 95% CI=73.1--85.4). The difference between the 2 groups was statistically significant (log-rank test, P\<0.01; [Fig. 2](#f2-ol-0-0-11468){ref-type="fig"}).

### PRDX4 knockdown by shRNA induction decreased proliferation, invasion and migration

To explore the role of PRDX4 in stomach cancer, we utilized two human cell lines established from adenocarcinoma (AGS and MKN28 cells). We established stable stomach cancer cell lines to determine the potential mechanisms by which PRDX4 might promote metastasis in stomach cancer. To further investigate the effect of PRDX4 on cell proliferation, migration and invasion, we knocked down the expression of PRDX4 using PRDX4 shRNA in AGS and MKN28 cell lines. Western blot analysis of AGS and MKN28 control (denoted as sh-control) and PRDX4 knockdown (denoted as shPRDX4) cells demonstrated PRDX4 silencing in shPRDX4 cells. In the case of AGS, after knockdown of PRDX4, the expression levels of PRDX4-1 and PRDX4-2 were 25 and 15%, respectively. Additionally, in MKN28 cells, the expression levels of PRDX4-1 and PRDX4-2 were 8 and 7%, respectively, compared with the level (100%) of the control (P\<0.0001, [Fig. 3A](#f3-ol-0-0-11468){ref-type="fig"}). To study the role of PRDX4 on proliferation, the cells were examined via MTT assay. PRDX4 depletion induced a decrease in AGS proliferation compared to sh-control cells (76%, 72% vs. 100% of the control; P\<0.0001, [Fig. 3B](#f3-ol-0-0-11468){ref-type="fig"}). Additionally, PRDX4 depletion induced a decrease in MKN28 cell proliferation compared to sh-control cells (67%, 74% vs. 100% of control; P\<0.0001, [Fig. 3B](#f3-ol-0-0-11468){ref-type="fig"}). In the wound healing assay, the PRDX4-knockdown cells exhibited slower healing than the control cells at 8 h in the AGS cells (52.7%, 82.4% vs. 100% of control; P\<0.001, [Fig. 3C](#f3-ol-0-0-11468){ref-type="fig"}) and at 17 h in the MKN28 cells (90.7%, 66% vs. control 100%; P\<0.001, [Fig. 3D](#f3-ol-0-0-11468){ref-type="fig"}). The Transwell invasion assay showed that the number of invaded cells was lower in the PRDX4 knockdown group than the control group in both AGS cells (27.3%, 26.9% vs. 100% of control; P\<0.001, [Fig. 3E](#f3-ol-0-0-11468){ref-type="fig"}) and MKN28 cells (34.7%, 26.4% vs. 100% of control; P\<0.001, [Fig. 3F](#f3-ol-0-0-11468){ref-type="fig"}). The results of not only the Transwell invasion assay but also the wound healing assay indicated that the migration and invasion capabilities of stomach cancer cells were inhibited. Altogether, these results suggest that depletion of PRDX4 decreases the proliferation, migration and invasion of stomach cancer cells.

### Overexpression of PRDX4 rescued proliferation, invasion and migration

To confirm that the effects on proliferation, migration and invasion were specifically due to the knockdown of PRDX4, we performed rescue experiments in shPRDX4 cells using a PRDX4 cDNA construct.

The PRDX4-rescue group (denoted as +PRDX4) showed significantly increased levels of protein expression (5.87 and 8.67-fold) in both AGS cells and MKN28 cells, respectively, compared with the PRDX4-depleted AGS and MKN28 control groups (denoted as +vector) (P\<0.001, [Fig. 4A](#f4-ol-0-0-11468){ref-type="fig"}). The MTT assay revealed that the proliferation of the PRDX4-rescue group recovered in both AGS (3.63±1.03 vs. 3.65±1.28 of control, p=ns) and in MKN28 cells (2.409±1.04 vs. 2.172±1.04 of control, p=ns) compared with the sh-control cells ([Fig. 4B](#f4-ol-0-0-11468){ref-type="fig"}). The wound healing assay showed that the PRDX4-rescue AGS cells exhibited faster healing than the sh-control cells (113% vs. 100% of control; P=0.002, [Fig. 4C](#f4-ol-0-0-11468){ref-type="fig"}) at 8 h and that the PRDX4-rescue MKN28 cells exhibited faster healing than the sh-control cells (122.5% vs. 100% of control; P=0.01, [Fig. 4D](#f4-ol-0-0-11468){ref-type="fig"}) at 17 h.

Transwell invasion assays showed that compared to the sh-control group, the number of invaded cells was increased by PRDX4 rescue in both AGS cells (by 179% vs. 100% of control; P\<0.0001, [Fig. 4E](#f4-ol-0-0-11468){ref-type="fig"}) and MKN28 cells (151% vs. 100% of control; P\<0.0001, [Fig. 4F](#f4-ol-0-0-11468){ref-type="fig"}). Thus, the results of not only the wound healing assay but also the Transwell invasion assay confirm that the migration and invasion capabilities of stomach cancer cells can be rescued via PRDX4. Altogether, these results suggest that the rescue of PRDX4 increases the migration and invasion of stomach cancer cells, but its function in proliferation remains controversial.

### PRDX4 promoted GC cell invasion and metastasis through EMT in MKN28 cells

To investigate whether PRDX4 regulates EMT in stomach cancer cells, we measured the expression of key EMT markers. The effects induced by the alteration of PRDX4 activity on E-cadherin, snail and slug expression were examined in MKN28 cells only, as the expression of these markers in AGS cells was found to be unaffected (data not shown). PRDX4 knockdown led to increases in E-cadherin expression and decreases in snail and slug expression. Meanwhile, E-cadherin expression was found to decrease and snail and slug expression was found to increase in PRDX4-overexpression cells, indicating that PRDX4 expression might be correlated with EMT, as shown in [Fig. 5](#f5-ol-0-0-11468){ref-type="fig"}.

Discussion
==========

The aim of this study was to investigate whether PRDX4 could be a marker of poor prognosis in gastric cancer patients. We found that PRDX4 overexpression was associated with poor survival in gastric cancer patients by IHC using a tissue microarray. We also found that the poor prognosis associated with PRDX4 may be due to increases in cell migration and invasion capabilities, but its function in proliferation remains controversial.

Recently, cancer researchers have attempted to predict patient prognosis using gene expression. Oncotype DX is a popular method to predict the prognoses of breast cancer, prostate and colon cancer patients in Western countries ([@b8-ol-0-0-11468],[@b9-ol-0-0-11468]). In gastric cancer, Cheong *et al* ([@b10-ol-0-0-11468]) reported a four-gene test with predictive value for both prognostic and chemotherapy outcomes.

In carcinogenesis models, inflammation has been implicated in most sporadic cancers; in addition, it induces hyperplasia and ROS generation ([@b16-ol-0-0-11468]). Hyperplastic epithelial growth is one of the defense mechanisms of the human body, but hypoxia leads to genomic instability through multiple mechanisms, such as ROS-induced DNA damage, mismatch repair and methylation ([@b17-ol-0-0-11468]). The cellular response to reactive oxygen species is known to involve immediate damage to biomolecules and sustained disruption of redox homeostasis leading to cell death. PRDX is expressed at various cellular locations in humans. PRDX4 is detected mainly in the endoplasmic reticulum or is secreted, whereas PRDX1, PRDX2, PRDX3, PRDX5, and PRDX6 are present in the nucleus, cytosol, mitochondria and peroxisomes ([@b12-ol-0-0-11468]). Among the six PRDX proteins, PRDX6 is a 1-Cys enzyme, which may be reduced by ascorbic acid, and PRDX1 to PRDX5 are 2-Cys enzymes, which are reduced by thiols such as thioredoxin ([@b18-ol-0-0-11468],[@b19-ol-0-0-11468]). It has been reported that PRDX functions not only in antioxidative processes but also in inflammation, cancer and innate immunity ([@b20-ol-0-0-11468]). In the pulmonary system, bronchial and alveolar epithelial cells express PRDX1-3, 5, and 6, and alveolar macrophages express PRDX1, 3, 4, 5, and 6 at relatively high levels ([@b21-ol-0-0-11468]). Elevated serum levels of PRDX4 have been reported in critical care and emergency settings and in type 2 DM patients ([@b13-ol-0-0-11468]).

In cancer, PRDX1 enhances the growth of prostate cancer, PRDX2,6 upregulates ovarian cancer, and PRDX3 upregulates cervical cancer. PRDX6 is upregulated in lung and breast cancer and promotes metastasis in cancer cells ([@b22-ol-0-0-11468]--[@b25-ol-0-0-11468]). Overexpression of PRDX4 has also been reported in several human cancers. PRDX4 is increased in pancreatic cancer, prostate cancer, lung cancer, colorectal cancer, breast cancer, ovarian cancer and oral cavity squamous cell carcinoma and decreased in pancreatic cancer and acute promyelocytic leukemia ([@b26-ol-0-0-11468]). Overexpression of PRDX4 correlates with an enhanced rate of cell proliferation and metastatic potential ([@b27-ol-0-0-11468]).

Recently, an association between PRDX and gastric cancer was reported. High PRDX1 expression is associated with lymph node invasion and poor prognosis, and the mechanism of action is through EMT ([@b28-ol-0-0-11468]). Epithelial-mesenchymal transition was first described in chick embryos ([@b29-ol-0-0-11468]). During EMT, epithelial cells lose their cell-to-cell junctions and apical-basal polarity, and cytoskeletal reorganization occurs, increasing the motility of individual cells and facilitating the development of an invasive phenotype. This process has been described in wound healing, fibrosis and cancer progression ([@b30-ol-0-0-11468]). PRDX5 overexpression has also been reported to promote EMT, enhance tumourigenicity and correlate with poor prognosis in gastric cancer ([@b31-ol-0-0-11468]). In this study, we also found that PRDX4 overexpression is associated with advanced cancer and high TNM stage. We measured the expression of EMT-related genes and found that E-cadherin was increased, while snail and slug were decreased. In rescue experiments, the protein expression of E-cadherin, snail and slug was found to be recovered, but we did not find changes in the expression of EMT genes in the AGS cell line. Therefore, we concluded that the mechanism of PRDX4 may be diverse across different cancer cell types.

One of the limitations of the present study was its smaller sample size for advanced stage cancer, which was used for IHC, compared to the sample size of early stage cancer. However, to the best of our knowledge, this is the largest immunohistochemical study to evaluate PRDX4 expression in human tissues of gastric cancer.

In conclusion, patients with PRDX4 overexpression in gastric cancer tissues show poor prognostic outcomes. The results of the present study suggest that PRDX4 is a marker of poor prognosis in gastric cancer and that PRDX4 is associated with cancer cell migration and invasion via EMT.
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![Immunohistochemical analysis of PRDX4 expression in gastric carcinoma tissues. Cytoplasmic staining with anti-PRDX4 antibody was scored and sorted into groups according to the percentage of PRDX-positive cells as follows: (A) 0, immunonegative; (B) 1+ reactivity (1--24%); (C) 2+ reactivity (25--49%); and (D) 3+ reactivity (50--74%). Arrows show representative cells with positive staining for PRDX4. Scale bar, 100 µm. PRDX4, peroxiredoxin IV.](ol-19-05-3522-g00){#f1-ol-0-0-11468}

![Outcomes of patients in the PRDX4-overexpression and PRDX40-underexpression groups by Kaplan-Meier survival analysis. PRDX4, peroxiredoxin IV.](ol-19-05-3522-g01){#f2-ol-0-0-11468}

![PRDX4 knockdown in AGS and MKN28 cells resulted in inhibited proliferation, invasion and migration. (A) Western blot analysis of AGS and MKN28 control (sh-control) and PRDX4 knockdown (shPRDX4) cells demonstrating PRDX4 silencing in shPRDX4 cells. α-tubulin was used as a loading control. (B) MTT assays were used to evaluate proliferation in AGS cells and MKN28 cell lines. (C and D) Cell migration and was evaluated using a wound healing assay. Scale bar, 250 µm. (E and F) Invasive ability was evaluated using a Transwell assay. Scale bar, 100 µm. Data are presented as the mean ± SD for triplicate independent experiments, and the error bars indicate SD. \*\*\*P\<0.001, \*\*\*\*P\<0.0001. ns, not significant; PRDX4, peroxiredoxin IV; sh, short hairpin.](ol-19-05-3522-g02){#f3-ol-0-0-11468}

![Effect of PRDX re-expression in gastric cancer. (A) Downregulation of PRDX4 on MKN28 cells transduced with PRDX(+shPRDX4) or vector control (+vector) was lysed and analyzed by western blotting. PRDX4 was detected using a DDK antibody. (B) Cell proliferation was determined by an MTT assay. (C and D) Wound-closure rates were measured for cells. Scale bar, 250 µm. (E and F) Invasion assay. Scale bar, 100 µm. Cells transfected with PRDX4 or control vector were seeded on Transwell inserts precoated with Matrigel. Quantification analysis (right) is present, and error bars indicate SD. \*\*P\<0.01, \*\*\*P\<0.001, \*\*\*\*P\<0.0001. PRDX4, peroxiredoxin IV; sh, short hairpin; ns, not significant.](ol-19-05-3522-g03){#f4-ol-0-0-11468}

![Expression of epithelial-mesenchymal transition-related proteins in (A) PRDX4-knockdown (transfected with the PRDX4 shRNA plasmid or control shRNA) and (B) PRDX4-overexpression MKN28 cells (transfected with the empty control or PRDX4 plasmid in shPRDX4 cells). PRDX4 was detected using a (A) PRDX4 or (B) DDK antibody. Error bars indicate SD. α-tubulin was used as a loading control. PRDX4, peroxiredoxin IV; sh, short hairpin.](ol-19-05-3522-g04){#f5-ol-0-0-11468}

###### 

Based on immunohistochemistry the clinicopathological characteristics between the PRDX4 under-expression group and the over-expression group were compared.

                                                            Level of PRDX4 expression                       
  --------------------------------------------------------- --------------------------- ------ ----- ------ --------
  WHO classification                                                                                        0.01
    Differentiated                                          101                         54.3   85    45.7   
    Undifferentiated                                        55                          40.1   82    59.9   
  Tumor invasion                                                                                            \<0.01
    EGC (T1)                                                103                         62.8   61    37.2   
    AGC (T2\~4)                                             63                          36.2   111   63.8   
  LN metastasis                                                                                             \<0.01
    Absent                                                  121                         58.7   85    41.3   
    Metastasis (≥1)                                         45                          34.1   87    65.9   
  TNM stage^[a](#tfn1-ol-0-0-11468){ref-type="table-fn"}^                                                   \<0.01
    I                                                       113                         60.8   73    39.2   
    II                                                      25                          41.7   35    58.3   
    III--IV                                                 28                          30.4   64    69.6   
  Chemotherapy                                                                                              \<0.01
    No                                                      76                          58.0   55    42.0   
    Yes                                                     90                          43.5   117   56.5   
  Cancer related death                                                                                      \<0.01
    Absent                                                  150                         55.3   121   44.7   
    Present                                                 16                          23.9   51    76.1   
  Recurrence                                                                                                \<0.01
    No                                                      143                         55.6   114   44.4   
    Yes                                                     23                          28.4   58    71.6   

7th Edition of The American Joint Committee on Cancer Staging Manual. WHO, World Health Organization; EGC, early gastric cancer; AGC, advanced gastric cancer; papillary; WD, well differentiated; MD, moderately differentiated; PD, poorly differentiated; SRC, signet ring cell carcinoma; LN, lymph node; PRDX4, peroxiredoxin 4.

###### 

In the Cox Proportional hazard model, TNM stage and peroxiredoxin 4 were independent prognostic factors (P\<0.05).

  Variables            Risk ratio   95% CI          P-value
  -------------------- ------------ --------------- ----------------------------------------------------
  WHO classification   1.0          0.638--1.731    0.84
  Tumor invasion       0.9          0.185--4.941    0.95
  LN metastasis        2.5          0.743--8.801    0.13
  TNM stage                                         
    I                  1                            0.01^[a](#tfn2-ol-0-0-11468){ref-type="table-fn"}^
    II                 3.0          0.486--19.662   
    III--IV            10.1         1.257--82.657   
  Chemotherapy         0.9          0.469--1.986    0.92
  Peroxiredoxin 4      1.8          1.044--3.392    0.03^[a](#tfn2-ol-0-0-11468){ref-type="table-fn"}^

P\<0.05. WHO, World Health Organization.

[^1]: Contributed equally
